Pathology is the current gold standard for oncologic diagnostics. In surgical resection of tumors, the surgeon typically excises tissue close to tumor boundaries for surgical margin assessment. The specimens are subsequently analyzed offsite to ensure complete tumor removal. However, the standard staining technique used in histopathology, such as hematoxylin and eosin staining (H&E), involves lengthy procedures. Due to this time lag, surgeons occasionally complete the surgical procedure without the histopathology report, assuming that complete tumor resection was achieved. Unfortunately, some of the results can indicate positive margins, compelling the patient to undergo additional tissue resection and follow-up interventions. This poses additional pain, cost, and risk of cancer dissemination to other organs.
Fluorescence microscopy has emerged as a powerful tool for margin assessment. [1] [2] [3] [4] The method can provide real-time assessment of samples with high detection sensitivity and specificity. 5, 6 Recent advances in fluorescence endoscopy have facilitated the real-time assessment of tissue in vivo as well as rapid ex vivo staining. Yet, the enormous advantages of fluorescence microscopy in molecular imaging and analysis are compromised by the lack of structural information. This creates practical difficulties in clinics for clinicians who rely on anatomical and structural information for disease diagnosis.
To address this challenge, we developed a complementary fluorescence-polarization microscopy system using a divisionof-focal-plane polarization imaging sensor. 7 Polarization microscopes are conventionally used to detect birefringence. In human tissues, birefringence is widely present in natural biomaterials, such as collagen fibers, and muscles. This provides the foundation for using polarization imaging for structural assessment. Similar to whole-body multimodal imaging modalities, such as the combination of positron emission tomography (PET) with computed tomography (CT), where PET and CT provide functional and structural information, respectively, we combined fluorescence and polarization imaging techniques to provide synergistic molecular and structural information. A near infrared molecular probe, LS301, Cypate-cyclo(D-Cys-Gly-Arg-Asp-Ser-Pro-Cys)-Lys-OH, was used for tumor-selective targeted fluorescence imaging. 1 To capture the polarization information for an imaged tissue, we used a division-of-focal-plane polarimeter. These polarimeters utilize pixel-matched filters to analyze the state of polarization with high spatial and temporal resolution. In contrast, traditional polarization imaging utilizes a division-of-time approach, 7 where samples are imaged by multiple captures through different polarization optics. The sensor used in this study 7 is composed of a repeated filter array consisting of 0 deg, 45 deg, 90 deg, and 135 deg oriented nanowire polarization filters, which are monolithically integrated with a charge coupled device (CCD) sensor in 2-by-2 pixel blocks (Fig. 1) . The filters are fabricated via a combination of interference lithography and reactive ion etching, 8 achieving a 70 nm pitch, 140 nm height, and 140 nm period. This configuration allows for capturing the first three Stokes parameters, shown in Eq. (1), by computing directly from the measured digital values under each filtered pixel, I x , where x represents the orientation of the pixelated linear polarization filter in degrees.
The first Stokes parameter, S 0 , represents the total intensity and is perceived as a white light image similar to Fig. 2 (a). The second Stokes parameter, S 1 , shows how much light is polarized in the horizontal/vertical direction, and the third Stokes parameter, S 2 , describes how much light is polarized in the AE45-deg direction. To compensate for nonuniformity in the filters across the imaging array, a gain and offset per pixel are used to calibrate the image 9 before computation of the three Stokes parameters. The first three Stokes parameters allow estimation of the state of linear polarization of the region of interest. Primarily, this is expressed in the degree of linear polarization (DoLP), a measure of how linearly polarized the viewed sample is, and the angle of polarization (AoP), which describes the primary orientation of the light. They are computed in Eqs. (2) and (3): 
The sensor is a megapixel array, which operates at 40 frames per second and has extinction ratios of ∼60, with a dynamic range of 65 dB and maximum signal-to-noise ratio of 45 dB. Detailed sensor specifications can be found elsewhere. 10 To the best of our knowledge, this is the first time that such a sensor has been applied to biomedical applications.
The multimodal optical design is illustrated in Fig. 1 . Both fluorescence imaging and polarization imaging are enabled for real-time microscopy. The optical setup is developed from the Olympus BX51. In the current setup, a near infrared (NIR)-sensitive CCD sensor (Olympus DP71) is used for fluorescence imaging, which delivers optimal performance at 830 nm channel. The white light image, degree of polarization, angle of polarization images are displayed in the graphical user interface in real time.
In this study, we used the new method to assess the tumor margins of mice mammary carcinoma (4T1). This invasive tumor serves as a good model for the current study because of its ability to infiltrate surrounding normal tissue, which simulates clinical conditions. The complementary microscope provides fast and convenient pathological assessment of tissues (Fig. 2) . The DoLP image readily identified the inhomogeneous distribution of polarization information at the tumor boundaries. The normal tissues (muscles) showed a higher degree-of-linearpolarization than the tumors, allowing structural differentiation between the two tissue types [ Fig. 2(b) and 2(e) ]. In addition, the DoLP image also resolved the normal remnant structure elements within the tumors [ Fig. 2(b) and 2(e) ]. Based on the DoLP image, a first-pass screening of tissues could be accomplished. With molecular probe LS301, the status of tumor boundaries were assessed [ Fig. 2(d) and 2(e) ]. The fluorescent contrast outlined tumor tissues, including those that invaded into the surrounding tissues. However, the lack of structural contrast in the fluorescence image confounded analysis of the tumor distribution relative to normal tissue. With a combination of both the fluorescence and polarization contrasts [ Fig. 2(e) ], the tumor density in the region of interest was readily visualized. Compared to the gold standard H&E staining, which provides absorption-based contrast [ Fig. 2(f) ], the multimodal microscopy provides [ Fig. 2(e) ] contrast based on functional and structural characteristics, which represent discernible complementary imaging contrast for tumor detection and localization.
Beyond simple tumor detection, the new method can also be applied to assess the severity of cancer invasion. This is illustrated in Fig. 3 , where tumor, muscle, and connective tissues were all present (Fig. 3) . At the borders of three different tissue types, tumors were accurately highlighted by the fluorescence contrast. In contrast, normal muscles and connective tissues exhibited higher DoLP, but negligible fluorescence signal, than tumors. Based on the complementary microscopy, regions 1, 2, 3, and 4 have cancer invasion in descending order (Fig. 3) . The complementary contrast mechanisms provided by the new system amplified the differences between tumors and surrounding tissues, facilitating medical diagnosis. Interestingly, visualization of the cancer invasion using the standard H&E images provided only moderate contrast. Guided by the fluorescencepolarization images, a close examination of the H&E image agrees well with the multimodal imaging data.
In the current setup, two sensors are used for optimal performance in the NIR spectral window. The current polarization imaging sensor has an NIR-cut filter that hinders it from offering desirable performance at NIR range. In a future study, we will fabricate an NIR-optimized polarization sensor to enable multimodal imaging with a single sensor and allow bona fide image co-registration. For the division-of-focal-plane technique, presence of interpolation artifacts remains a challenge that needs remedies. Based on our previous analysis, we concluded that bicubic spline interpolation can achieve the best performance.
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In the current study, the removal of interpolation artifacts is further enhanced by spatial filtering, which is enabled by fast Fourier transform (FFT). A Gaussian band-pass filter was employed, removing ultra-high frequency components, which primarily arise from interpolation artifacts.
In this study, we have demonstrated the initial concept of fluorescence-polarization microscopy for surgical margin assessments. In future studies, the fluorescence and polarization signals could be calibrated to generate standard chart for quantitative measurement of cancer invasion, facilitating cancer staging. Similarly, many other pathological examinations can be explored with this new technique. Compared to other emerging histological techniques, such as confocal microscopy, twophoton fluorescent microscopy and single harmonic generation, the method reported herein allows for wide-field real-time imaging within a large field of view, which is the key for rapid histopathological assessment of tissue samples. Although the current setup is designed and tested in ex vivo settings, a similar concept can be extended to intravital and dissection microscopy. Although we used the tumor-targeted NIR molecular probe, LS301, for the fluorescent contrast, other cancer-targeting imaging agents may be also used in future studies. For example, molecular probes with diverse targeting mechanisms and spectra characteristics may be used to augment the utility of fluorescence microscopy in the clinical settings. The real-time feature of polarization contrast provides cross-validation and structural reference for fluorescence contrast.
In this study, the polarization contrast is primarily based on the DoLP because the AoP did not reveal seemingly useful diagnostic information. A comprehensive study is needed to evaluate the utility of AoP in tissue analysis. Successful interpretation of AoP may provide additional beneficial information for complementary microscopy. Here, the image co-registration of fluorescent and polarization contrast was performed offline using the ImageJ software. We expect to rectify this limitation in future studies by processing the data online.
In conclusion, we have developed a complementary fluorescence-polarization microscope using a division-of-focal-plane polarization imaging sensor, for the first time. The new method enabled real-time wide-field multimodal microscopy without any moving parts. It facilitated surgical margin assessment in the mouse mammary carcinoma. Cancer invasion was visualized and evaluated. This new method may be applied to other medical applications. Intravital microscopes and microendoscopes based on this technique may be developed in the future, extending its utility to diverse in vivo applications.
